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Abstract
The aim of the study was to investigate the effect of in vitro anoxia/reoxygenation on the oxidative phosphorylation of
isolated lung mitochondria. Mitochondria were isolated after harvesting from fresh pig lungs flushed with Euro-Collins
solution. Mitochondrial respiratory parameters were determined in isolated mitochondria before anoxia (control), after 5^45
min anoxia followed by 5 min reoxygenation, and after 25 or 40 min of in vitro incubation in order to follow the in vitro
aging of mitochondria during respiratory assays. Respiratory parameters measured after anoxia/reoxygenation did not show
any oxidative phosphorylation dysfunction, indicating a high resistance of pulmonary mitochondria to in vitro anoxia/
reoxygenation (up to 45 min anoxia). These results indicate that mitochondria are not directly responsible of their oxidative
phosphorylation damage observed after in vivo ischemia (K. Willet et al., Transplantation 69 (2000) 582) but are a target of
others cellular injuries leading to mitochondrial dysfunction in vivo. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
It is well known that organs submitted to in vivo
ischemia/reperfusion are widely damaged [1,2], and
that mitochondria are involved in the ischemia/reper-
fusion injury [3^6]. ATP synthesis, coupled to the
cellular respiration, occurs in the mitochondria, and
irreversible damage at the level of the oxidative phos-
phorylation can lead to cell death by energy depri-
vation. During ischemia, the oxygen shortage induces
a decrease in the cytosolic and mitochondrial ATP
content [7,8] which may become insu⁄cient to insure
the cellular energetic needs, and the cells lose their
ability to maintain among others the ionic homeo-
stasis [9]. Cytosolic sodium, calcium and inorganic
phosphate contents rise [3,4] and may induce mito-
chondrial dysfunctions as uncoupled respiration, per-
meability transition, and swelling [10^15]. The mito-
chondrial permeability transition is involved in
reperfusion injury [11,14^16], as well as an increase
in the reactive oxygen species production [17]. In-
deed, mitochondria may produce some oxygen radi-
cals at the level of respiratory chain [17^21], and this
increase in the free radical production due to organ
reoxygenation may overload the radical defence sys-
tem. So, all these critical events occurring before or/
and during reoxygenation can promote irreversible
injuries leading to cell death.
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Since mitochondrial functions were impaired after
in vivo ischemia/reperfusion, mitochondria have been
implicated in brain, liver, kidney and heart ischemia/
reperfusion injury [3^6,21^25]. Moreover, we have
shown [26,27] that pulmonary ischemia/reperfusion
led to permanent functional mitochondrial damage,
visible after isolation of mitochondria. Pulmonary
cold ischemia (24 and 48 h) followed by reperfusion
induced a decrease in the oxidoreductase activity of
the respiratory chain and a decrease in the oxidative
phosphorylation e⁄ciency [26]. However, it must be
noticed that 30 min warm ischemia did not promote
mitochondrial dysfunction while, after 45 min ische-
mia, the phosphorylating respiration rate and the
oxidative phosphorylation e⁄ciency were decreased
[27]. Therefore, it was interesting to compare the
e¡ects of in vitro anoxia/reoxygenation and of in
vivo ischemia/reperfusion in isolated lung mitochon-
dria, in order to de¢ne whether pulmonary mito-
chondria were directly responsible of in vivo ische-
mia/reperfusion injury, or whether mitochondrial
dysfunctions observed after ischemia and reperfusion
were secondary to other cellular damage. In the
present study, we have shown that in vitro anoxia/
reoxygenation had no e¡ect on the oxidative phos-
phorylation of isolated pulmonary mitochondria.
2. Material and methods
Eleven Pietrain pigs (weight 20^30 kg) used in this
study, received care in accordance with the Guide for
the Care and Use of Laboratory Animals (National
Institute of Health Publication 85^23, revised 1985).
The protocol for the study was approved by the An-
imal Care Committee at the University of Lie'ge, Bel-
gium.
2.1. Lung harvest
The pigs were premedicated, anesthetized and ven-
tilated with room air according to our model de-
scribed elsewhere [26]. After median sternotomy,
both pleurae were opened, and both azygos veins
were ligated. Following systemic heparinization
(300 U/kg), 500 Wg of prostaglandin E1 were injected
intravenously. Both venae cavae were ligated, and
the pulmonary artery was immediately cannulated.
After opening of the left atrial appendage, the lungs
were £ushed by gravity at 50 cm H2O with 2 l of cold
(4‡C) standard Euro-Collins solution. The ventila-
tion was continued during the £ush, and topical pul-
monary cooling was facilitated by the £ow of the
e¥uent in both pleura. Mitochondria were isolated
from the lungs immediately after the harvesting.
2.2. Mitochondrial isolation
The lungs were trimmed, and pieces were homog-
enized with a motor-driven hand-held homogenizer
in an isolation medium (250 mM sucrose, 2 mM
EDTA, 5 mM Tris, 0.5% fatty acid-free BSA). After
homogenization and ¢ltration, mitochondria were
isolated with a standard technique of di¡erential cen-
trifugations with a Beckman J2-HC Centrifuge (Palo
Alto, CA). Homogenate was centrifuged at 2000Ug
for 10 min and its supernatant at 17 500Ug for 10
min. The pellet was resuspended, and resedimented
at 600Ug for 10 min. The supernatant was centri-
fuged at 19 000Ug for 10 min and the surface of the
pellet was rinsed with 5 ml of isolation medium. This
pellet was washed and centrifuged at 19 000Ug for
10 min twice before obtaining ¢nal mitochondrial
suspension.
2.3. Mitochondrial volume measurement
A sample of mitochondrial suspension was incu-
bated with a radioactive medium containing 15 mM
KCl, 2 mM EDTA, 5 mM MgCl2, 50 mM Tris and
3.3 WCi tritiated water (3H2O). The incubation mix-
ture was centrifuged and the radioactivities of the
mitochondrial pellets, and of the supernatant solu-
tions were determined as described elsewhere [26].
2.4. Mitochondrial oxygen consumption measurement
Respiratory parameters were determined at 25‡C
in isolated lung mitochondria with a respirometer
(Physica respirometer, Paar Physica, Innsbruck, Aus-
tria) by in vitro measurement of oxygen consumption
rates in 2 ml of air saturated reaction medium (250
WM oxygen) at pH 7.4 (15 mM KCl, 2 mM EDTA,
5 mM MgCl2, 50 mM Tris), with 1% BSA and
2.5 mM phosphate (KH2PO4). Oxidizable substrates
were 5 mM ketoglutarate and 5 mM pyruvate. The
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concentration of added ADP, oligomycin and uncou-
pler carbonylcyanide-p-tri£uoro-methoxyphenylhy-
drazone (FCCP) was 165 WM, 16 Wg/ml and 15 WM,
respectively. When respiratory assays were per-
formed in the absence of BSA, FCCP concentration
was only 5 WM.
2.5. Anoxia/reoxygenation
Anoxia was performed by mitochondria consum-
ing the oxygen in reaction medium after several ADP
pulses into a closed incubation chamber. The anaer-
obic conditions were reached in state 4 respiration
and anoxia duration was 5, 10, 20, 30 or 45 min.
Anoxia was followed by 5 þ 1 min of in vitro reox-
ygenation (until 85% of oxygen saturation, i.e., up to
210 WM oxygen) by exposing the stirred reaction me-
dium to air. Then, the oxymeter chamber was closed
and respiratory parameters were again measured.
In vitro aging of mitochondria during respiratory
assays was followed in a ‘time control’. Mitochon-
dria were incubated during 25 or 40 min in the
stirred reaction medium exposed to air. To mimic
pre-anoxic respiration, four ADP pulses were per-
formed in an opened incubation chamber. After in-
cubation, the oxymeter chamber was closed and res-
piratory parameters were measured as described
above.
2.6. Chemicals
Prostaglandin E1 was supplied by Upjohn (Puurs,
Belgium) and Euro-Collins solution by Fresenius
(Wilrijk, Belgium). Ketoglutarate, pyruvate, BSA
and ADP were purchased from Boehringher-Mann-
heim Biochemica (Mannheim, Germany), oligomycin
from Sigma Chemical (St. Louis, MO), FCCP from
Du Pont de Nemours (Wilmington, DE), and 3H2O
from Radio Chemical Center (Amersham, UK). All
other chemicals used were purchased from Merck
(Darmstadt, Germany).
2.7. Statistics
All data are presented as mean þ S.D. One-way
analysis of variance (ANOVA) and corresponding
Fisher’s test were used to analyze the mitochondrial
oxygen consumption data. Results of the tests were
expressed by their P value, and P6 0.05 was taken to
be statistically signi¢cant.
3. Results
The mitochondrial oxygen consumption data in
the presence of BSA, with ketoglutarate and pyru-
vate as oxidizable substrates, are presented in Fig. 1.
Respiration rates were measured in the presence of
externally added ADP (V3) or in its absence (V4), in
the presence of oligomycin (VOlig) that blocks ATP
synthase or of uncoupler FCCP (VFCCP). The yield of
the oxidative phosphorylation was determined by
ADP/O ratio, i.e., the number of moles of ADP
phosphorylated by atom gram of oxygen consumed.
These respiratory parameters were measured before
anoxia (control), and after 5, 10, 20, 30 and 45 min
anoxia followed by 5 min reoxygenation. Moreover,
in order to verify whether in vitro incubation led to
mitochondrial damage due to aging of mitochondria
during respiratory assay, we measured the respira-
tory parameters after 25 and 40 min incubation in
a stirred reaction medium exposed to air (‘time con-
trol’).
Related to control, mitochondrial respiratory pa-
rameters after 25 and 40 min of in vitro incubation in
the presence of 1% BSA were not di¡erent from
those of pre-anoxic respiration (Fig. 1). Thus, we
can conclude that there was no in vitro time-depen-
dent decline of pulmonary mitochondrial function
during the respiratory assay. Moreover, 5^45 min
of anoxia followed by reoxygenation did not pro-
mote any modi¢cation in the respiratory parameters.
Thus, in the presence of BSA, in vitro anoxia/reoxy-
genation (up to 45 min) has no e¡ect on isolated
pulmonary mitochondria.
Such in vitro experiments were also performed in
the absence of BSA in the incubation medium, be-
cause BSA could protect pulmonary mitochondria
during the respiratory assays. Indeed, protection of
the mitochondrial function by BSA is well known
[28^31]. Addition of BSA to state 4 mitochondria
results in a decrease of the proton leak and of the
resting respiration [28]. BSA also protects mitochon-
dria against ischemia [29] and in vitro aging [30,31]
by removing the free fatty acids that increase after
ischemia or after prolonged incubation of mitochon-
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dria. Our data measured after in vitro anoxia/reoxy-
genation of isolated lung mitochondria without BSA
are presented in Fig. 2. Respiration rates and ADP/O
ratio were not di¡erent in the presence (Fig. 1) or in
the absence (Fig. 2) of BSA. There was no change in
the respiratory parameters after 25 or 40 min incu-
bation, and after 5 or 30 min anoxia followed by 5
min reoxygenation (Fig. 2).
4. Discussion
In vivo ischemia/reperfusion leads to cellular dam-
age with, among others, impairments of the mito-
chondrial function [21^27,32,33]. The measurements
of mitochondrial respiratory parameters allow iden-
ti¢cation of dysfunctions induced by anoxia/reoxyge-
nation or ischemia/reperfusion, and analysis of these
parameters allows to describe and to identify the
mitochondrial damage, i.e., phospholipid bilayer per-
meability, enzyme activity and substrate or ADP
availability (for details, see [27]). In a previous study
Fig. 1. E¡ect of incubation time and anoxia/reoxygenation of
lung mitochondria in the presence of 1% BSA. Respiration
rates were expressed in nanomoles of oxygen consumed per min
and per Wl of mitochondria. Mitochondria were incubated at
25‡C, in an incubation medium at pH 7.4, with 5 mM ketoglu-
tarate and pyruvate as oxidizable substrates, and 2.5 mM phos-
phate. ADP, oligomycin and FCCP were at 165 WM, 16 Wg/ml
and 15 WM, respectively. Respiratory parameters were measured
in di¡erent conditions: C (control, before anoxia), TC (‘time
control’, in vitro incubation) and A (in vitro anoxia followed
by 5 min reoxygenation). Anoxia or incubation time was indi-
cated in min. n = 7.
6
C
Fig. 2. E¡ect of incubation time and anoxia/reoxygenation of
lung mitochondria in the absence of BSA. Respiration rates
were expressed in nanomoles of oxygen consumed per min and
per Wl of mitochondria. Mitochondria were incubated at 25‡C,
in an incubation medium at pH 7.4, with 5 mM ketoglutarate
and pyruvate as oxidizable substrates, and 2.5 mM phosphate.
ADP, oligomycin and FCCP were at 165 WM, 16 Wg/ml and
5 WM, respectively. Respiratory parameters were measured in
di¡erent conditions: C (control, before anoxia), TC (‘time con-
trol’, in vitro incubation) and A (in vitro anoxia followed by
5 min reoxygenation). Anoxia or incubation time was indicated
in min. n = 7.
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[27], we have shown that 30 min of in vivo pulmo-
nary warm ischemia did not modify the respiratory
parameters of isolated lung mitochondria, while 45
min ischemia induced mitochondrial damage, a¡ect-
ing mainly, if not exclusively, the ATP synthase ac-
tivity.
In the present study, we investigated the e¡ects of
in vitro anoxia/reoxygenation on the oxidative phos-
phorylation function in isolated pulmonary mito-
chondria. In a ‘time control’, we have veri¢ed that
incubation did not alter mitochondria during the res-
piratory assay. After 25 or 40 min incubation, there
was no in vitro time-dependent decline of mitochon-
drial function during the respiratory assay (Figs. 1
and 2). These results were in accordance with the
previously reported observations in isolated liver mi-
tochondria [34] where there was no in vitro aging
during respiratory assays. These observations indi-
cated that both lung and liver isolated mitochondria
did not su¡er from 250 WM oxygen concentration in
vitro during the pre-anoxic respiration.
Measurements of respiratory parameters after in
vitro anoxia/reoxygenation in isolated pulmonary
mitochondria did not show any oxidative phosphor-
ylation dysfunction, even after 30 and 45 min anoxia
followed by 5 min reoxygenation up to 210 WM oxy-
gen. As BSA can protect mitochondria during respi-
ratory assays by removing free fatty acids that in-
crease after ischemia or after prolonged incubation
of mitochondria [29^31], we have studied the e¡ect
of in vitro anoxia/reoxygenation in an incubation
medium without BSA (Fig. 2). There was no alter-
ation of pulmonary mitochondria after 5 or 30 min
anoxia followed by 5 min reoxygenation in the ab-
sence of BSA. Thus, pulmonary mitochondria were
resistant to anoxia/reoxygenation in a calcium free
medium. On the contrary, liver mitochondria were
sensitive to in vitro anoxia/reoxygenation, in the
same in vitro incubation conditions [34]. Several res-
piratory parameters were impaired after 10 min in
vitro anoxia and 5 min reoxygenation. These mito-
chondrial lesions were directly related to superoxide
anion production by the respiratory chain during
reoxygenation, and were proposed to be secondary
to this production [34]. As it is well known that en-
dogenous antioxidant pool of mitochondria can be
di¡erent in various organs [35], the resistance of lung
mitochondria in vitro could be explained by a higher
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antioxidant content (SOD, GSH, etc.) in lung mito-
chondria than in liver mitochondria, which could
allow protection of pulmonary mitochondria against
damage induced by reactive oxygen species generated
during reoxygenation.
This higher antioxidant content in lung mitochon-
dria could be a tissular adaptive response to the ac-
tual exposure of lung alveolar cells to high oxygen
level (about 8 mM in air). Moreover, in these cells
the mitochondria could be exposed to a much higher
oxygen concentration (up to 200 WM at 37‡C, i.e.,
close to the 250 WM oxygen at 25‡C used in our in
vitro assays) compared with mitochondria in other
tissues. Indeed, the steady-state level of oxygen in
mammalian organs is 5^25 WM oxygen [36]. So, liver
mitochondria could be exposed to a 10-times higher
oxygen level in our in vitro conditions. The use of in
vitro models within oxygen levels are in excess re-
lated to those actually existing in tissues could be
misleading at the level of results and their interpre-
tations. Indeed, reoxygenating mitochondria with
high oxygen concentration (up to 200 WM in this
paper) could increase the superoxide anion produc-
tion, and derived oxidants, leading to excessive func-
tional damage compared with in vivo experiments.
However, this was not the case with lung mitochon-
dria, as both in vitro (this study) and in vivo [27]
reoxygenation occurred with the same oxygen con-
centration (around 200 WM), and as damage only
appeared in vivo.
On the other hand, our results obtained with lung
mitochondria showed that 30 min in vitro anoxia
and 30 min in vivo ischemia [27] did not damage
the mitochondrial oxidative phosphorylation. Protec-
tion of mitochondrial function after 30 min warm
ischemia has been explained [27] by the presence of
oxygen in the airway allowing some lung oxidative
metabolism and ATP-level maintenance in ischemic
lungs, that could protect [37^39] not only lung cells,
but also mitochondrial functions from superoxide
anion production due to over-reduction of electron
carriers from the respiratory chain [34]. In our in
vitro model of anoxia/reoxygenation, although anox-
ia occurred in the absence of oxygen (undetectable),
there was no mitochondrial dysfunction, indicating
that pulmonary mitochondria themselves were resis-
tant to oxygen deprivation. Moreover, while 45 min
in vitro anoxia/reoxygenation did not promote any
mitochondrial dysfunction, after 45 min in vivo is-
chemia, mitochondria demonstrated signi¢cant alter-
ations [27]. Comparison of in vitro and in vivo re-
sults could indicate that mitochondria were not
directly responsible of their oxidative phosphoryla-
tion damage, but were a target of cellular injuries
leading to mitochondrial dysfunction in vivo.
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